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1 Introduction
Dark matter (DM) is stable on cosmological time-scales. A principal question about the
nature of DM is: what mechanism ensures its stability? Commonly, this is assumed to be
a result of an exact symmetry (for a concise review of proposed stabilization mechanisms
see, e.g., [1]). One possibility is that the stability of DM is ensured by a gauge symme-
try mimicking the way QED gauge invariance ensures the stability of the electron in the
standard model [2–4]. A more frequent choice is to introduce a Z2 symmetry by hand. A
prominent example is R-parity in the MSSM which both stabilizes DM and ensures the
stability of the proton [5–7]. An exact Z2 symmetry can be generated dynamically, e.g.,
as a remnant of a spontaneously broken U(1) gauge symmetry, such as U(1)B−L [8–10].
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An attractive possibility is that Z2, and consequently the DM stability, is an accidental
symmetry. Examples include minimal DM [11, 12], hidden vector DM [13], and weakly
interacting stable pions [14].
In this paper we explore a possibility that the discrete Z2 that ensures the stability
of DM is both accidental and approximate. As a result, the DM is metastable with decay
times potentially close to the present observational bound of τ & 1026s. We focus on a
particular subset of asymmetric DM models [15] where DM carries baryon number. For
recent reviews of asymmetric DM, see [16, 17]. Our working assumptions are
• Baryon number is a conserved quantum number (it could, for instance, be gauged at
high scales).
• There is a sector that efficiently annihilates away the symmetric component. The
exact form is not directly relevant for our discussion.
• The observed flavor structure in the quark sector is explained by flavor dynamics in
the UV while DM is not charged under flavor.
The flavor dynamics fixes the flavor structure of dark sector couplings to the visible
sector in the same way that it fixes the structure of the SM Yukawa interactions. This
has two important consequences. First, the exchange of DM in the loops does not gen-
erate dangerously large Flavor Changing Neutral Currents (FCNCs). Secondly, and most
importantly, a flavor singlet DM is stable on cosmological timescales even for TeV scale
mediators between the dark and visible sectors. In this case, the nature of DM stability
can even be probed directly at the LHC.
The underlying flavor symmetry is crucial for the stability of DM. We will demonstrate
this for two realizations of flavor physics: the Minimal Flavor Violation (MFV) hypothesis
and for abelian horizontal symmetries in the case where DM carries baryon number 2. In
this case the mediators leading to the decay of DM can be at O(100GeV). In contrast,
for completely anarchic flavor couplings where DM couples to all quark flavors with O(1)
couplings, the indirect DM bounds would require the mediators to have masses in the
O(10TeV) range.
The implications of continuous flavor symmetries for DM interactions have also been
explored in [18? –28]. Our analysis differs from these studies in that we are assuming that
DM is a flavor singlet (as is the case in most models of DM). This, along with its small
mass and conserved baryon number, also ensures that DM is metastable in our setup. The
stability of symmetry-less DM in the context of discrete flavor groups has been discussed
in [29] (for the potential relation of discrete flavor groups in the leptonic sector and the
stability of DM, see also [30–32]). Furthermore, the stability of asymmetric DM due to
a mirror baryon number was explored in [33] or due to fractional baryon number in [34].
The decaying DM in the context of ADM models was explored in [35–38].
The paper is structured as follows. In section 2, we review the relation between DM
mass and relic abundance in asymmetric DM models. In section 3, we give two examples
of flavor breaking models at the level of Effective Field Theory (EFT) analysis that can
lead to metastable asymmetric DM. In section 4, we derive the indirect detection bounds
– 2 –
J
H
E
P
0
1
(
2
0
1
5
)
0
8
9
on the two EFT set-ups. In section 5, we give two examples of mediators that would lead
to the EFT set-ups discussed in section 4. The relevant bounds on the mediator masses
and couplings, including collider signatures, are derived in section 6. Conclusions are given
in section 7, while appendices contain technical details.
2 Dark matter mass in asymmetric dark matter models
Asymmetric Dark Matter (ADM) models [15, 39–52] address the question of why the
DM density, Ωχ, and the baryon density in the universe, ΩB, are so close to each other,
Ωχ ' 5.3 ΩB [53]. In the standard weakly interacting massive particle (WIMP) models of
DM this is to some extent pure coincidence. In this case DM is a thermal relic and(
Ωχ
0.265
)(
h
0.673
)2
∼ 3× 10
−27 cm3s−1
〈σ v〉 , (2.1)
with 〈σ v〉 the thermally averaged DM annihilation cross section. The coincidence Ωχ ∼ ΩB
then arises due to a fortuitous size of the annihilation cross section for a weakly coupled
weak scale DM — the WIMP miracle.
In contrast, in ADM models the observed DM is not a thermal relic. Its relic abundance
reflects the asymmetry in DM, χ, and anti-DM, χ†, densities in the early universe. The χ
and χ† annihilate away, and only the asymmetric component remains. The coincidence of
Ωχ and ΩB is then due to the fact that the DM relic abundance has the same origin as the
baryon asymmetry. The difference between Ωχ and ΩB is simply due to the fact that the
DM particle is more massive than a proton by a factor of a few. More precisely, to explain
the observed Ωχ the DM’s mass needs to be (see appendix B)
mχ = N0mp
Ωχ
ΩB
1
(B − L)χ , (2.2)
where mp is the proton mass. Here (B − L)χ is the B − L charge of the χ field. The
exact value of numerical prefactor N0 ' O(1) depends on when the operators transferring
the baryon asymmetry between the visible and the dark sector decouple. For decoupling
temperature above electroweak phase transition, and assuming that there are only the SM
fields in the visible sector, gives N0 = 1.255 for DM that is a complex scalar or a Dirac
fermion. In this case the required DM mass is
mχ = (6.2± 0.4)GeV 1
(B − L)χ , (2.3)
where the error reflects the errors on Ωχ = 0.265±0.011 and ΩB = 0.0499±0.0022 [53, 54].
We thus have
mχ = {6.2, 3.1, 2.1}GeV, for (B − L)χ = {1, 2, 3}, (2.4)
where we only quote the central values. Deviations from the above relations are possible
if for instance the visible sector contains additional degrees of freedom beyond the SM. In
that case, mχ in (2.2) is a function of [(B − L)2]NP, [Y 2]NP , and [Y (B − L)]NP , i.e., the
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Figure 1. Contours of the ADM mass mχ (in GeV) required to obtain the correct DM relic density
as a function of [(B−L)2]NP, [Y 2]NP , i.e. the (B−L)2, and Y 2 summed over effective d.o.f. in the
visible NP sector, while keeping [Y (B − L)]NP =
√
[(B − L)2]NP[Y 2]NP and g(B − L)χ = 4. The
visible sector with only the SM, eq. (2.2), is denoted by a star.
(B − L)2, Y 2 and Y (B − L) summed over effective degrees of freedom in the visible NP
sector, cf. eq. (B.17). The mχ required to obtain the correct relic abundance is shown in
figure 1. For illustration, we set [Y (B − L)]NP =
√
[(B − L)2]NP[Y 2]NP in the plot and
assume that DM is a complex scalar with (B − L)χ = 2. We see that for [(B − L)2]NP ∼
[Y 2]NP ∼ [Y (B−L)]NP the deviations from (2.4) are modest, of O(1). Further deviations
from eqs. (2.2) and (2.4) are possible in more general frameworks such as ADM from
leptogenesis [55] or dynamically induced mass mixing [56]. Henceforth, we will assume
that mχ is given by eqs. (2.2) and (2.4). Our results can be trivially adjusted if this is not
the case.
For concreteness we assume in this paper the thermal history of the universe that
closely resembles the one in [15] and has several distinct epochs relevant for the ADM
relic density. At high temperatures, a B − L asymmetry is generated, e.g., via GUT-like
baryogenesis [15] or via leptogenesis [55]. The B − L asymmetry is efficiently transferred
between the visible and the DM sectors through asymmetric interactions. We do not require
a discrete Zn symmetry in the dark sector so that, unlike [15], the asymmetric interactions
can involve just a single χ field. At low energies, they have a schematic form
Oasymm. ∼ C
Λ6
χ(qq)3, (2.5)
taking (B − L)χ = 2 complex scalar DM as an example. Here, C is a flavor-dependent
coefficient. The asymmetric interactions freeze out at temperature Tf ∼ Λ  mχ, below
which the B − L asymmetries in the visible and dark sectors are separately conserved. If
the flavor breaking is due to a spontaneously broken horizontal symmetry (see section 3.2),
the freeze out temperature for the above dimension 10 operator in eq. (2.5) is, using Naive
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Dimensional Analysis (NDA),
Tf ∼
(
1.66×√g∗ (16pi2)3 8pi
C2
Λ12
MPl
)1/11
' 480 GeV. (2.6)
In the numerical evaluation, we used the lower bound Λ = Λ∗ = 1.9 TeV from indirect
detection eq. (4.2), taken the effective number of relativistic d.o.f. to be g∗ = 108.75,
corresponding to the SM with a complex scalar DM, and set C = 1 which is appropriate
for the χb→ bsctb transition dominance (with any permutation of the flavors). Note that
Tf is above the electroweak phase transition temperature Tew ∼ 170 GeV. It is also well
below Λ so that the use of EFT is justified. If the mediator scale were too low, Λ . 730 GeV
(or Λ . 400 GeV for MFV breaking), the asymmetric operator would not freeze out before
electroweak phase transition started. Consequently, the DM quantum number would not
be conserved and the DM density would be washed out. This places a lower bound on the
asymmetric mediator masses to be above a few hundred GeV.
Finally, at temperatures below the DM mass, the bulk of the DM efficiently annihilates
back to the visible sector through symmetric interactions leaving only the small asymmetric
component. We have nothing new to say about this mechanism and refer the reader to a
set of model building ideas already present in the literature [16, 57–60].
3 Metastability and flavor breaking
We show next that the DM in ADM models can be stable on cosmological time-scales
without invoking discrete Zn symmetries. We assume that the SM quark flavor structure
is explained by a continuous flavor group and that the DM carries nonzero baryon number.
This is a crucial ingredient in the argument. Since DM is not charged under the flavor
group, while the SM fields are, there are no interactions between DM and the SM in the
limit that the flavor group is unbroken (all flavor singlet interactions are forbidden by
baryon number conservation). All the interactions between DM and the visible sector thus
have to be flavor breaking and this leads to a significant suppression of the DM decay time.
We show this explicitly for two examples of flavor breaking: i) the MFV ansatz, where
all the flavor breaking is assumed to be due to the SM Yukawas, and ii) the spontaneously
broken horizontal U(1) symmetries. Integrating out the NP fields gives the effective DM
decay Lagrangian
L =
∑
i
Ci
Λ(Di−4)
Oi. (3.1)
The sizes of the Wilson coefficients, Ci, are fixed by the assumed flavor generating mech-
anism. We consider the case of DM, χ, that is a SM gauge singlet but carries nonzero
baryon number, B 6= 0. The lowest dimensional asymmetric local operators thus have the
generic form
Oi = χ [uc]nu [dc]nd [q∗]nq , (3.2)
where we do not show the contractions of SM gauge indices. Here (nu+nd+nq) mod 3 = 0
since DM is a color singlet. Note that DM needs to carry an integer baryon number in
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order not to forbid all the asymmetric interactions with the visible sector. Above, uc, dc
are the electroweak singlets and q represents the electroweak doublet left-handed quark
fields in two component notation, with q∗ being the corresponding complex conjugated
Weyl spinor, see appendix A. In the down-quark mass basis they are
uc → ucmass, dc → dcmass, q =
(
u
d
)
→
(
Vckm umass
dmass
)
. (3.3)
The SM Yukawa matrices are then
YD → Y diagD , YU → VckmY diagU , (3.4)
with Y diagD,U the diagonal Yukawa matrices.
As an example, let us consider fermionic B = 1 DM. Two distinct types of operators
are allowed
O(B=1)1 = (χuc)(dcdc)→ (χucmass)(dcmass dcmass),
O(B=1)2 = (χ q∗ρ)(dc q∗σ)ρσ → (χu∗massVckm)(dcmassd∗mass),
(3.5)
where ρ, σ are SU(2)L indices while the SU(3)C and flavor indices are implicit and we have
chosen one possible Lorentz contraction denoted by the parentheses.
3.1 Minimal Flavor Violation
The MFV assumption is that, also in the NP sector, the flavor is broken only by the SM
Yukawas YU,D [61–65]. The MFV assumption can be most succinctly cast in the spurion
language [62]. In the limit of vanishing quark masses the SM quark sector enjoys an
enhanced flavor symmetry GF = SU(3)Q × SU(3)U × SU(3)D. The Yukawa interactions
ucY †UqH, d
cY †DqH
c are formally invariant under GF , if YU,D are promoted to spurions, i.e. if
they are assumed to transform under GF as YU → Y ′U = UQYUU †U , YD → Y ′D = UQYDU †D.
Here UQ,U,D are transformations from SU(3)Q,U,D, respectively.
This means that the low energy operators in (3.1) also need to be formallyGF invariant.
Keeping only the minimal insertion of Yukawas, the operators O1,2 in eq. (3.5) for B = 1
DM are
O(B=1)1 =
(
χucαY
†
UYD
)
K
(
dcNβd
c
Mγ
)
KNM αβγ
→ (χucmassY diag†U V †ckmY diagD )Kα([dcmass]Nβ [dcmass]Mγ)KNM αβγ ,
O(B=1)2 =(χ q∗Kαi)([dcβY †D]Nq∗Mγj)ijKNM αβγ
→ (χu∗massV †ckm)Kα([dcmassY diag†D ]Nβ [d∗mass]Mγ)KNM αβγ ,
(3.6)
where α, β, γ are the color indices, and K,N,M run over the quark generations.
The two operators lead to the χ → bus decay at the partonic level which is the least
suppressed kinematically allowed transition. For the operator O1, this transition arises
at 1-loop and requires two chirality flips, see figure 2. The decay amplitude scales as
∼ ytyb with an extra loop factor and a chirality flip suppression ∼ mtΛQCD/m2W . To
be conservative, we count the chirality flip suppression due to the light u, d, s quarks as
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Figure 2. Feynman diagram for the decay of DM with B = 1 assuming MFV. This amplitude
leads to the partial decay width Γ
(1)
χ in eq. (3.7).
proportional to ΛQCD and not to the much smaller quark masses. The operator O2 leads
to the decay χ→ bus at tree level with the decay amplitude suppressed by ∼ ybVub. Once
the quarks hadronize, the decays appear as χ → Ξbpi, or χ → ΛbK, with any number of
pions. Using NDA to estimate the decay width gives (setting Vtb ' Vud ' 1)
Γ(1)χ ∼
(ytyb)
2
8pi
(mχ
Λ
)4( 1
16pi2
mtΛQCD
m2W
)2 mχ
16pi2
= 6.6 · 10−51GeV
( yb
0.024
)2(4.0 · 106TeV
Λ
)4
,
Γ(2)χ ∼
|ybVub|2
8pi
(mχ
Λ
)4 mχ
16pi2
= 6.6 · 10−51GeV
( yb
0.024
)2(4.3 · 107TeV
Λ
)4
, (3.7)
for the case where O1 and O2 dominate the decay, respectively. The last 1/16pi2 factor is
due to three body final state and is required to obtain the correct estimate for the inclusive
decay width as can be seen from the optical theorem and the use of the OPE. In the
numerics, we use mt = 173 GeV, mχ = 6.2 GeV, |Vub| = 0.00415. The numerical prefactor
6.6 · 10−51 GeV = 1/(1026s) is chosen to make contact with the bounds on the DM lifetime
from indirect DM searches.
Note that MFV leads to two sources of suppression. First, there is the suppression of
the Wilson coefficients due to Yukawa insertions, yb ∼ 0.024 for O1 and ybVub ∼ 10−4 for
O2. In addition, there is a loop suppression for O1 where the decay has to proceed through
an off-shell top quark. Without these additional suppressions, the bounds from indirect
DM detection would require about two orders larger NP scale, Λ & 4.3 · 109 TeV.
The suppression factors are much larger for B = 2 DM, in which case the DM is a
scalar, and the asymmetric operators start at dimension 10. We investigate in detail the
operator
O(B=2)1 = χ(dcKαdcNβ)([q∗YD]Mα′q∗K′β′)(q∗N ′γ′q∗M ′γ)KNM K
′N ′M ′αβγα
′β′γ′
→ χ([dcmass]Kα[dcmass]Nβ)([u∗massV †ckmY diagD ]Mα′ [d∗mass]K′β′)
× ([u∗massV †ckm]N ′γ′ [d∗mass]M ′γ)KNM K
′N ′M ′αβγα
′β′γ′ ,
(3.8)
that gives the least suppressed decay amplitude. Above, we chose one of the possible color
contractions, implicitly assumed contractions of weak indices within brackets, and only
kept the weak contraction leading to the largest decay rate in the second line.
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ADM model MFV FN
B Dim. mχ [GeV] decay τ [s] Λ [TeV] decay τ [s] Λ [TeV]
1 6 6.2 χ→ bus 1026 4.0× 106 χ→ bus 1026 8.1× 108
2 10 3.1 χ→ udsuds 1026 0.63 χ→ udsuds 1026 2.5
3 15 2.1 forbidden ∞ — forbidden ∞ —
Table 1. Leading decay modes for the B = 1, 2, 3 ADM assuming MFV or FN flavor breaking.
The dimensionality of the decay operators are denoted in the 2nd column. With the suppression
scales Λ given in the 6th and 9th column the ADM decay time is τ ' 1026 s. The B = 3 ADM
decays to quarks are kinematically forbidden.
The correct relic abundance requires a DM mass of mχ = 3.1± 0.2 GeV, assuming the
SM field content at the time of the decoupling of the asymmetric operators. We assume
that mχ < mΛ+c + mΣ− = 3.48 GeV, and thus below the threshold for the χ → Λ+c Σ−
decay, kinematically forbidding the χ→ udc dds partonic transition. The least suppressed
partonic level transition is therefore χ → uds uds resulting, after hadronization, in the
decays χ→ Λ0Λ0,Σ−Σ+,Ξ−p,Ξ0n, . . . . The NDA estimate of the χ decay width is then
Γ(1)χ ∼
|ybV 2ub|2
8pi
(mχ
Λ
)12 mχ
(16pi2)4
= 6.6 · 10−51GeV
( yb
0.024
)2(0.63 TeV
Λ
)12
. (3.9)
The MFV assumption results in the ybV
2
ub suppression of the Wilson coefficient. The
1/(16pi2)4 factor reflects the fact that, in the OPE, the leading contribution starts at 5
loops. The use of the OPE may be suspect for such low mχ masses and one could expect
O(1) corrections to the above estimate from additional soft gluon loops.
Indirect DM searches require the NP scale to be Λ & 0.49 TeV. This corresponds
to the bounds on the masses of the mediators between the dark and the visible sectors,
mmediator & 490 GeV, mmediator & 210 GeV, and mmediator & 90 GeV, if the operator (3.8)
arises at tree level, 1-loop, or 2-loops, respectively. The mediators can thus be searched for
at the LHC as discussed in section 6.3. Note that the flavor suppression was essential to
have such a low bound on the NP scale Λ. Without it, and taking the Wilson coefficient
to be 1, the indirect bounds on the stability of DM would require Λ & 7.3 TeV, implying
that the mediators were most likely out of reach of the LHC.
The bound on the NP scale Λ is quite sensitive to the actual value of mχ. For larger
values of mχ, the χ can decay to top and bottom quarks reducing the loop and CKM
suppression of the decay width. This is illustrated in figure 3, where the NP scale is fixed
to ΛMFV = 1 TeV and mχ is varied. As the kinematic thresholds for the χ decays to c or b
quarks are reached, this results in a change of several orders of magnitude in the predicted
decay time.
3.2 Spontaneously broken horizontal symmetries
The suppression we found above using the MFV ansatz is model dependent. To illustrate
this point we turn to U(1) Frogatt-Nielsen (FN) models of spontaneously broken horizontal
symmetries [66]. The suppression of the Wilson coefficients in the effective Lagrangian (3.1)
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is then given by the horizontal charges of the quarks in the operators. For instance, for the
two B = 1 DM operators in (3.1)
O(B=1)1 = (χdcK) (ucNdcM )→ (χ [dcmass]K) ([ucmass]N [dcmass]M ),
O(B=1)2 = (χ q∗Ki)(dcNq∗Mj)ij → (χ [u∗mass]K) ([dcmass]N [d∗mass]M ) ,
(3.10)
the Wilson coefficients are
C1 ∼ λ|H(dcK)+H(ucN )+H(dcM )|, C2 ∼ λ|−H(qK)+H(dcN )−H(qM )|. (3.11)
Here H(ucK), . . . , with H(q
∗
K) = −H(qK), are the horizontal U(1) charges of the quarks,
and λ ∼ 0.2 is the expansion parameter. The dependence of the operators and Wilson
coefficients on the generational indices KNM is implicit as are color, weak, and Lorentz
contractions in (3.10).
An example of a horizontal charge assignment that gives phenomenologically satisfac-
tory quark masses and CKM matrix elements is [67],
H(q, dc, uc)⇒

1 2 3
q 3 2 0
dc 3 2 2
uc 3 1 0
, (3.12)
where the column labels {1, 2, 3} correspond to the first, second, and third generations of
quarks.
Since the heavier flavors carry smaller charges the DM preferentially decays into the
heaviest accessible states. As in MFV, the dominant decay is χ → bus, except that the
ybVub ∼ λ5 suppression gets replaced by a much more modest ∼ λ|−H(q1)+H(sc)−H(q3)| = λ.
This is the largest scaling allowed by FN charges. In concrete UV mediator models the
suppression can, in fact, be much more severe as we will see explicitly in the next section.
For B = 2 DM the least suppressed operator is
O(B=2)1 = χ(dcKdcN )(q∗Mq∗K′)(q∗N ′q∗M ′)
→ χ([dcmass]K [dcmass]N )([u∗mass]M [d∗mass]K′)([u∗mass]N ′ [d∗mass]M ′),
(3.13)
suppressing, again, the color and weak contractions. The corresponding Wilson coefficient
is suppressed by
C1 ∼ λ|H(dcK)+H(dcN )−H(qM )−H(qK′ )−H(qN′ )−H(qM′ )|. (3.14)
At the partonic level, the dominant decay is χ→ uss uds with a Wilson coefficient that is
of parametric size ∼ λ|H(dc)+H(sc)−2H(q2)−2H(q1)| = λ5. Note that in MFV this process pro-
ceeded through 2 loops so that the suppression was much more severe, ∼ VtsVub/(16pi2)2 ∼
λ5/(16pi2)2 at the amplitude level. While the suppression in the FN case is much less
than in the MFV case, it is still nontrivial. It lowers the scale of NP allowed by indirect
DM searches from Λ & 7.3 TeV, in the case of no flavor structure, to Λ & 2.5 TeV in the
FN case. Taking the bound from DM indirect detection searches gives Λ & 1.9 TeV. If
the operator arises at tree level, 1-loop or 2-loops, this corresponds to mediator masses,
mmediator & 1.9 TeV, mmediator & 830 GeV, and mmediator & 360 GeV, respectively.
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Covi et al. χ→ νν (Super-K)
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ΛFN = 3 TeV
Figure 3. The solid blue (red dashed) line denotes the B = 2 DM lifetime as a function of mχ for
the MFV (FN) case, fixing the NP scale to Λ = 1(3) TeV. Assuming the dominance of one decay
mode, the green (orange) line shows the constraint on the decay time from FERMI-LAT [68] for
bb¯ (µ+µ−) final states using the NFW profile. The dash-dotted red line shows the AMS-02 [69]
constraint on χ → µ+µ− decay time derived in [70], while the light blue line shows the Super-
Kamiokande [71] constraint on the χ → νν¯ decay time obtained in [72]. The purple line shows
the upper limit on χ→ uds and χ→ cbs decay times (indistinguishable at the scale of the figure)
obtained in [35].
4 Indirect detection
The asymmetric operators discussed in the previous section lead to a decaying DM which
can be potentially seen in indirect DM searches. In our models, the χ decays hadronicaly.
The decay products thus contain a number of charged particles and photons. The flavor
composition of the final state depends on the mass, mχ, and also on the assumed flavor
breaking pattern. In section 3, we discussed in detail the case of 6.2 GeV B = 1 DM, which
decays through χ → bus and a 3.1 GeV B = 2 DM that decays through χ → uds uds.
After hadronization, these result in the decays χ → Ξ0b pi0 and χ → Λ0Λ0, respectively.
The dominant decays for other DM masses, assuming the MFV or FN flavor breaking
patterns, are given in appendix C. The DM lifetime dependence on mχ is shown in figure 3
after fixing the NP scale to be Λ = 1(3) TeV for the MFV (FN) flavor breaking.
To guide the eye, we also show in figure 3 the following bounds from indirect DM
searches. The green (orange) line shows the constraint on the DM decay time from FERMI-
LAT [68] for χ→ bb¯(µ+µ−) decays using the NFW profile. The dash-dotted light red line
shows the results of an analysis [70] based on AMS-02 [69] and assuming χ → µ+µ−.
The light blue line shows the result of an analysis [72] assuming χ → ν¯ν decay based on
Super-Kamiokande [71] bounds. The purple line is an exclusion curve from [35] based on
galactic and extragalactic gamma ray flux measurements by Fermi [73–75]. The authors
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Field SU(3)C SU(2)L U(1)Y GF U(1)B−L
φL 3¯ 1 1/3 (6,1,1) 2/3
ϕL 6 1 1/3 (3¯,1,1) 2/3
φR 3¯ 1 −2/3 (3¯,1,1) 2/3
Table 2. The gauge and global charge assignment for the three scalar mediators, φL, ϕL and φR,
in the first UV completion toy model for which we assume the MFV flavor breaking pattern.
in [35] consider χ→ uds and χ→ cbs decays as two extreme choices for the flavor structure
of the final states. The derived bounds on the χ lifetime differ by less then a factor of 2
such that the two bounds overlap on the scale of figure 3. The decays we consider fall
between these two extreme choices with potentially weakened bounds in our cases above
mχ & O(10) GeV due to the increased multiplicity of final states. The bounds cross the
expected χ decay times at mχ ∼ 5 GeV for ΛMFV = 1 TeV suppression scale in the case of
MFV flavor breaking and at mχ ∼ 4 GeV for ΛFN = 3 TeV suppression scale in the case of
FN flavor breaking.
For the 3.1 GeV B = 2 DM, we thus find that, for the MFV case, the indirect detec-
tion requires
ΛMFV & 0.49 TeV, (4.1)
where the dominant operator is given in (3.8). For the FN case the bound is
ΛFN & 1.9 TeV, (4.2)
where the least suppressed operator is given in (3.13).
5 Mediator models
The EFT analysis of metastable ADM using asymmetric operators is an appropriate ap-
proach to derive the indirect DM detection signatures as we did in the previous section.
However, for DM direct detection searches and the DM production at colliders, the domi-
nant signals are due to either a single mediator exchange or from direct production of the
mediators. To assess the reach of these DM searches, the UV completions to our models
are therefore needed.
We introduce two toy model UV completions that can generate the dimension 10
effective operators; that is, the operator in eq. (3.8) for the MFV case and the operator in
eq. (3.13) for the FN case. The EFT operators are generated when the ∼TeV mediators
are integrated out. In our first model, all the mediators are scalars, while in the second
model there is also a fermionic mediator. The flavor structure in either of the two models
could be of the MFV or of the FN type. For concreteness we fix the first model to have
the MFV flavor breaking, and the second model to have the FN flavor breaking.
5.1 MFV model with scalar mediators
The SM is extended by the DM, χ, and three flavor multiplets of scalar mediators — a color
anti-triplet φL and a color sextet ϕL, both with hypercharge 1/3, and a color sextet φR with
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Field SU(3)C SU(2)L U(1)Y U(1)B−L
φ 3¯ 1 1/3 2/3
ψ 1 1 0 1
Table 3. Gauge and B − L charges of the mediators φ and ψ in the second UV completion toy
model. We also assume the FN flavor breaking pattern.
hypercharge −2/3 (see table 2). They transform under the flavor group GF as (6,1,1),
(3¯,1,1), and (3¯,1,1), respectively. The interaction Lagrangian between mediators and the
SM is thus given by
Lint ⊃ κ1
2
K¯ABI [φL]
I
γ
(
q∗A,αiq
∗
B,βj
)
ijαβγ +
κ2
2
K¯αβλ [ϕL]
λ
A
(
q∗B,αiq
∗
C,βj
)
ijABC
+
κ3
2
[YD]
A
X [φR]A,α
(
dcY,β d
c
Z,γ
)
αβγXY Z + κ4K¯
AB
I K¯
αβ
λ χ
†[φL]Iα[ϕL]
λ
A[φR]B,β + h.c.,
(5.1)
where the flavor indices A,B,C belong to SU(3)Q and X,Y, Z to SU(3)D. The QCD
indices are αβγ, while the weak isospin indices are denoted by i, j. The flavor index I
and color index λ run from 1 to 6. The matrices of the Clebsch-Gordan coefficients, K¯ABI
and K¯αβλ , are the same as in [76] and satisfy the completeness relation (K¯
AB
I )
∗K¯CDI =
1
2(δ
D
A δ
C
B + δ
C
Aδ
D
B ), and similary for K¯
αβ
λ . In the second line of (5.1), the down Yukawa
insertions make the interaction term with right-handed down quarks formally invariant
under GF .
Integrating out the mediators φL,R, ϕL, gives the χ decay operator (3.8), with the
Wilson coefficient
C1
Λ6
= −1
8
κ1κ2κ3κ4
m2φLm
2
ϕL
m2φR
. (5.2)
For κ1 = κ2 = κ3 = κ4 = 1 the bounds from indirect DM searches thus require
mφL,φR,ϕL & 450 GeV, if all the mediator masses are the same. This should be appropriately
rescaled if either κi have smaller values or if all masses are not the same. For instance, for
κi = 0.3 the mass degenerate case of the mediators is bounded from below by mφL,φR,ϕL &
200 GeV. Since the mediators carry color charges, they can be searched for at the LHC as
discussed in section 6.3 below.
Note that, for the Lagrangian in eq. (5.1) the common scenario where the symmetric
component of χ density annihilates through a dark photon [16, 57–59] is phenomenologically
not viable. In this case, at least some of the SM quark fields would need to carry a dark
U(1) charge in conflict with the low energy constraints if dark photon is light. A viable
possibility, on the other hand, is the annihilation of χχ† to a pair of light scalars along the
lines of ref. [77].
5.2 FN model with fermionic and scalar mediators
In the second model the SM is supplemented with a DM scalar χ, a Dirac fermion ψ and
a complex scalar φ with SM gauge assignments as in table 3. The relevant terms in the
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Figure 4. The χ decay in the MFV mediator model through the off-shell scalar mediators φL,R, ϕL
(left), and through the off-shell fermion ψ and scalar φ mediators in the FN model (right).
baryon number conserving interaction Lagrangian are
Lint ⊃ gq,AB
2
φγ
(
q∗jA,αiq
∗k
B,βj
)
ijαβγ + gd,Aφ
∗α (dcA,α ψ)+ gχ2 χ(ψc ψc) + h.c. , (5.3)
where, for the couplings gq, gd, we also denote the flavor dependence. If the flavor breaking
is of the FN type and the mediators do not carry a horizontal charge, then
gq,AB ∼ gqλ|H(qA)+H(qB)|, gd,A ∼ gdλ|H(dA)|, (5.4)
where gq,d ∼ O(1).
Integrating out the mediators generates the operator (3.13) with the Wilson coefficient
C
Λ6
' 1
8m2ψm
4
φ
gχgq,M,K′gq,N ′M ′gd,Kgd,N
∼ 1
8m2ψm
4
φ
λ|H(d
c
K)|+|H(dcN )|+|H(qM )+H(qK′ )|+|H(q′N )+H(qM′ )|. (5.5)
Note that the flavor suppression here is parametrically different than in (3.14) which
was obtained by assuming that the FN scale is close to the TeV scale and that the inter-
actions of DM with the visible sector involve the FN fields. In the above model, however,
the FN scale can be arbitrarily high and only fixes the flavor interactions between the
mediator and the SM fields. Consequently, the leading decay is now χ → ussuds where
the suppression for the amplitude is ∼ λ|H(dc)|+|H(sc)|+2|H(q2)+H(q1)| ∼ λ15, to be compared
with the λ4 suppression in the more conservative case considered in section 3.2 where the
leading decay is χ → udsuds. The indirect detection bound (4.2) thus translates in our
toy mediator model to mφ,ψ & 130 GeV for mass degenerate φ and ψ. However, since the
coupling to the third generation quarks is O(1), the scalar mediators should in fact be
heavier than the top quark in order not to modify its total decay width.
The scaling (5.4) changes if the mediators carry nonzero horizontal charges. For
instance, if the horizontal charge of φ is nonzero, H(φ) 6= 0, one has gq,AB ∼
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Figure 5. Box diagrams contributing to the neutral meson mixing. In the MFV model, there is
also a contribution with both φL and ϕL in the loop, while φR contributions are suppressed and
can be ignored.
λ|H(qA)+H(qB)−H(φ)|, gd,A ∼ λ|H(dA)+H(φ)|. In this case, the indirect detection bounds need
to be appropriately rescaled. For −2 ≤ H(φ) ≤ 5 the Wilson coefficient is still given
by (5.5) and thus mφ,ψ & 130 GeV from indirect bounds as before. For other values of
H(φ), the bound becomes even weaker.
As far as the annihilation of symmetric part of the χ relic density is concerned, similar
comments as for the MFV model in section 5.1 apply. The dark U(1) is phenomenologically
not viable, while annihilation to light scalars is. Furthermore, if ψ has a mass within
O(10%) of mχ, the process χχ† → ψψ†, which is forbidden at zero temperature but allowed
for nonzero temperatures at the freeze-out, can efficiently annihilate away the symmetric
component of χ without any need for additional states.
6 Experimental signatures of the mediators
Now we turn to the experimental signatures of weak scale mediators, the flavor constraints,
direct DM detection, and DM production at the LHC.
6.1 Flavor constraints
The two mediator models from section 5 do not lead to tree level flavor changing neutral
currents (FCNCs). These are first generated at 1-loop, see figure 5. For real couplings κi
and gq/d in eqs. (5.1) and (5.3), the constraints from K
0 − K¯0, D0 − D¯0 and B0(s) − B¯0(s)
mixing require the mediators masses to be generically above several hundred GeV as we
show below. For related analyses of flavor constraints on diquarks, see, e.g., [78, 79].
The ∆F = 2 effective weak Hamiltonian is
H∆F=2eff =
∑
i
CiOi +
∑
i
C˜iO˜i, (6.1)
where i = 1, . . . , 5 runs over the dimension six operators (we use the notation in [80]).
Integrating out the mediators and the W at the weak scale gives, at leading order, a
nonzero Wilson coefficient for the operator
O1 = (S¯αγµPLDα)(S¯βγµPLDβ) = (s∗ασµdα)
(
s∗βσµdβ
)
, (6.2)
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in the case of the MFV model, and for both O1 and its parity conjugate operator
O˜1 = (S¯αγµPRDα)(S¯βγµPRDβ) = (scασµdcα∗)
(
scβσµd
cβ∗
)
, (6.3)
in the case of the FN model. Above, we first give the operators in the 4-component notation
and then also in the 2-component notation (for our notation see appendix A).
In the matching there are two types of contributions: in the first, only the mediators
run in the loop whereas in the second, both the scalar mediator and the W boson run in
the loop, see figure 5. For the MFV model, these give for the K0 − K¯0, D0 − D¯0, and
B(s) − B¯(s) mixing
CMFV1K =
1
64pi2m2φ
{
(VcsV
∗
cd)
2
[(
κ41 + 3κ
4
2 − 2κ21κ22
)
F (xc) + 4g
2
wκ
2
2G(xw, xc)
]
+ c→ t
− 2VcsV ∗cdVtsV ∗td
[ (
κ41 + 3κ
4
2 − 2κ21κ22
)
FF (xc, xt) + 4g
2
wκ
2
2G
F (xw, xc, xt)
]}
,
(6.4)
CMFV1D =
1
64pi2m2φ
{
(VusV
∗
cs)
2
[(
κ41 + 3κ
4
2 − 2κ21κ22
)
F (xs) + 4g
2
wκ
2
2G(xw, xs)
]
+ s→ b
− 2VusV ∗csVubV ∗cb
[ (
κ41 + 3κ
4
2 − 2κ21κ22
)
FF (xs, xb) + 4g
2
wκ
2
2G
F (xw, xs, xb)
]}
,
(6.5)
CMFV1Bq =
1
64pi2m2φ
(VtbV
∗
tq)
2
[(
κ41 + 3κ
4
2 − 2κ21κ22
)
F (xt) + 4g
2
wκ
2
2G(xw, xt)
]
, (6.6)
where q = d, s, xi = (mi/mφ)
2, and we have set mu = md = 0 and assumed, for simplicity,
that the φ and ϕ are mass degenerate. The loop functions F (x), FF (x1, x2), G(x1, x2),
and GF (x1, x2, x3) are given in appendix D. As in the SM, the largest contribution to the
K0 − K¯0 mixing is due to the charm-charm loop while, for B0q − B¯q0 mixing, the top loop
dominates as expected.
For the FN model, the Wilson coefficients are given by
CFN1K ∼
λ10g4q
16pi2m2φ
[
H(xt) + 2λ
4HF (xc, xt)
]
, C˜FN1K ∼
λ10g4d
16pi2m2φ
H(xψ), (6.7)
CFN1Bd ∼
λ6g4q
16pi2m2φ
[
H(xt) + 2λ
4HF (xc, xt)
]
, C˜FN1Bd ∼
λ10g4d
16pi2m2φ
H(xψ), (6.8)
CFN1Bs ∼
λ4g4q
16pi2m2φ
[
H(xt) + 2λ
4HF (xc, xt)
]
, C˜FN1Bd ∼
λ8g4d
16pi2m2φ
H(xψ), (6.9)
while CFN1D = CFN1K and C˜FN1D = 0. Above, we have indicated the scaling of different contribu-
tions to the Wilson coefficient in terms of λ = 0.2, cf. section 3.2. In the numerics we use
the equality sign. The loop functions H(x) and HF (x1, x2) are given in appendix D.
Note that the above Wilson coefficients contain log(mi/mφ) that can become large for
mφ  mi. We do not attempt to resum these logarithms which also means that we treat
all the NP contributions as local. We expect that our numerical results can receive O(1)
corrections due to neglected terms. This is within the precision required for our analysis.
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MFV FN
κ1,2 < mφL,ϕL > gq,d < mφ >
K0 − K¯0 0.33 2.9 TeV 0.63 570 GeV
Bd − B¯d 1.3 710 GeV 0.54 1 TeV
Bs − B¯s 1.3 780 GeV 0.59 840 GeV
D0 − D¯0 30 34 GeV 4.3 56 GeV
Table 4. The 95 % C.L. bounds on the MFV and FN mediator models from meson mixing. Taking
mφL = mϕL = mφ = 1 TeV and κ1 = κ2(gq = gd) gives the upper bounds on the couplings in the
2nd(4th) column. Taking in turn κ1,2 = gq,d = 1 gives lower bounds on the mediator masses in
the 3rd and 5th columns. The mass of the fermion in the FN model is fixed to mψ = 20 GeV (see
section 6.3). The bounds are not very sensitive to mψ.
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Figure 6. Meson mixing constraints on the couplings κ1,2 in the MFV mediator model (left) and
gq,d in the FN model (right), taking mφL = mϕL = 500 GeV and mφ = 200 GeV, mψ = 20 GeV
respectively. The excluded regions lie above and to the right of the curves.
Though, we do include the usual RGE effects due to the NLO QCD running of the effective
weak Hamiltonian from the weak scale to the low energy. For constraints from K0 − K¯0
and B(s) − B¯(s) mixing we use the recent results of a fit to the mixing parameters in [81].
The constraints from D0 − D¯0 mixing are obtained by assuming that the NP contribution
saturates ∆mD so that in the equation xD = 2
∣∣〈D¯0|H∆C=2eff |D0〉∣∣ /ΓD, valid in the limit
of no CP violation, we only include the NP contribution [80]. The resulting bounds on
couplings and masses are shown in table 4. In the case of the MFV model, the most severe
bound comes from K0 − K¯0 and is due to K . Since we assume that all the κi in (5.1)
are real, the NP contribution does carry a weak phase due to the VtsV
∗
td CKM factors and
does contribute to K . In contrast, in the FN model the NP contributions to the mixing
do not carry a weak phase and thus do not have an effect on K . Therefore, the bounds
from K0 − K¯0 mixing are much less severe.
In figure 6, we show the constraint on the couplings κ1,2 in the MFV model, fixing
mφL = mϕL = 500 GeV (left figure), and the constraints on gq,d in the FN model, fixing
mφ = 200 GeV, mψ = 20 GeV (right figure). Since, in the case of MFV, the largest
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contribution to K0 − K¯0 is from the mediator-W loop, the K bound places a stringent
constraint on κ2. Since the NP contributions to the meson mixing were assumed to be CP
conserving in the case of the FN model, the couplings gd,q ∼ O(1) are allowed even for mφ
as low as 200 GeV.
6.2 Relic abundance and direct detection
We note in passing that the virtual exchanges of the mediators generate contact operators
of the schematic form χ†χq¯q that contribute to the χχ† annihilation cross section and to
the cross section for DM scattering on nuclei. The symmetric couplings of DM and the
mediators, of schematic form χχ†φφ†, do not suffice to create large enough annihilation
cross sections that would annihilate away the symmetric component of DM relic abundance.
As an example, consider the MFV model with scalar mediators, eq. (5.1), and assume
that the lightest mediator is φL. It can have a symmetric coupling to DM of the form
L ⊃ κ′[φL]Iγ [φ†L]Iγχ†χ. (6.10)
At 1-loop, this generates a contact interaction χ†∂µχq¯γµq, which leads to an annihilation
cross section 〈σv〉 ∼ O(10−28cm3/s)(100GeV/mφL)4 for O(1) couplings. This annihilation
cross section is more than three orders of magnitude too small to obtain the observed relic
density and satisfy CMB constraints for s-wave annihilation [57]. Thus, the symmetric
component of the DM needs to annihilate away through a different mechanism as discussed
at the end of section 5.1.
6.3 Collider signatures
In both the MFV and FN flavor breaking scenarios, the mediator models involve colored
scalars. These can be searched for at the LHC through the gluon initiated pair production
or through a single production. We use our two mediator models to estimate the LHC
reach. The MFV mediator model, eq. (5.1), contains three colored scalars that are either
triplets or sextets of the color and flavor groups, see table 2. The FN model, eq. (5.3),
contains a colored scalar and a neutral fermion, see table 3.
Pair production of colored scalars is the dominant production mechanism of the medi-
ators for the masses of interest, below O(TeV). We illustrate this in figure 7 for the color
triplet φ in the FN model where we compare the pair production cross section from gluon
fusion and from quark-guon fusion, and the single production of φ in association with a
jet. Gluon fusion clearly dominates in the mass range of interest.
The signatures of pair produced colored scalars depend on their decay modes. In our
two models they decay either directly to two SM quarks or, alternatively, first to two lighter
scalars that then in turn decay to two jets each. In the FN model the decay φ→ jψ is also
possible. The flavor composition of the jets depends on the flavor quantum numbers of the
scalar. For instance, the states in the φL flavor multiplet can decay either predominantly
through φL → tb, φL → bj, or φL → jj, depending on the flavor numbers of φL (and
similarly for ϕL), see eq. (5.1). The scalars in the φR flavor multiplet, on the other hand,
decay through φR → bj or φR → jj, again depending on the flavor index carried by the
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Figure 7. The gg → φφ† (solid blue), qq → φφ† (dot-dashed red) and gq → φj (solid light
blue) contributions to the pair-production and single-production cross-section at the LHC with√
s = 14 TeV as a function of a mass of a color triplet scalar φ, a mediator in the FN model.
φR state. In the FN model one needs to require mφ > mt in order not to modify the total
decay width of the top quark, see section 5. Then, the dominant decay is either φ → b¯ψ
or φ→ tb, depending on the relative sizes of the two couplings, while the other decays are
suppressed by additional powers of λ.
To get a rough estimate of the LHC sensitivity we treat all the decay modes as two-
jet final states (this overestimates the reach slightly since, for the tj final state, the real
efficiency is expected to be lower). The strongest constraint on pair-production of the
lightest scalar mediators then comes from the search for pair-produced dijet resonances
from CMS at 7 TeV LHC with integrated luminosity of 5 fb−1 [82]. This places the bounds
mφ >∼ 470 GeV in the case of FN model assuming that φ → b¯ψ decay is negligible, and
mφL >∼ 620 GeV, mϕL >∼ 910 GeV, mφR >∼ 580 GeV in the case of MFV flavor breaking
as shown in figure 8. Note that when all three mediators are degenerate in mass, the color
sextet scalar has the largest pair production cross section due to the large color factor.
In the FN model, a new experimental signature is obtained in the limit gd  λ2gq.
Then the dominant decay of φ is φ → b¯ψ. In order not to have fast decaying DM mψ >
mχ/2. Using NDA the ψ decay length is
cτ(ψ → bbc) ∼
(
g2qg
2
dλ
8 1
8pi
1
16pi2
m5ψ
m4φ
)−1
∼ 30m
(
20 GeV
mψ
)5 ( mφ
750 GeV
)4(0.03
gqgd
)2
.
(6.11)
For light enough ψ (or heavy enough φ ), the fermion ψ does not decay in the detector
and appears as E/T . The pp → φφ† pair production then results in 2j + E/T or 2b + E/T
final state, and is bounded from sbottom searches as shown in figure 9. The resulting
bound is mφ > 550(760) GeV for mψ = 20 GeV and BR(φ → ψb) = 0.5(1.0). The choice
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Figure 8. Constraints on the scalar mediator φ in the FN model, and φL, ϕL, φR in the MFV
model that follow from the CMS search for pair-produced dijet-resonances [82]. The states in the
same flavor multiplet are taken to be mass-degenerate.
gq = gd = 0.03 in eq. (6.11) gives BR(φ→ bψ) ≈ BR(φ→ sψ) = 0.33. For the same input
parameters, the single production of ψ in association with b, t, or φ has a cross section
∼ 7 · 10−2 fb while the pair production is dominated by the process ss → ψψ and has a
negligible cross section of ∼ 4 · 10−4 fb.
The single production of mediators, e.g., ud → φ, ud → φL, ud → ϕL, ds → φR, is
suppressed due to the small couplings of the mediators to the first and the second generation
quarks. Similarly, the single production from heavy quarks in the initial state suffers from
the PDF suppression.
For single top production, the MFV model gives the largest contribution with a cross-
section of σ(ud → φL → tb)mfv = 7.6 × 10−6 pb for mφL = 500 GeV and
√
s = 8 TeV.
This is well below the SM production cross section. Thus, the ATLAS and CMS combined
measurement of the single top cross section at
√
s = 8 TeV, 85 ± 12 pb [84] and so does
not impose any limits on the mediator model.
The production of the DM, χ, can occur from the decay of heavier mediators. For
instance, for κ4 ∼ κ3 and φR heavy enough, the dominant decay mode of φ3 is φ3 → χϕ†Lφ†L.
Pair production pp → φRφ†R would thus result in 8j + E/T signature where paired dijets
would reconstruct φL and ϕL mass peaks (depending on the flavor assignments some of
the jets can be replaced by t of b jets).
7 Conclusions
We showed that for asymmetric DM (ADM) models, the stability of DM on cosmological
time scales may be purely accidental. We do not require that the DM to be charged under
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Figure 9. The 95% exclusion limit on φφ† production in the FN model for the bb¯ψψ¯ final state,
where ψ escapes the detector and sbottom search applies [83]. The solid blue (dashed red) line is
for φ→ bψ branching ratios of 50% and 100%.
an ad-hoc conserved Zn symmetry. Rather, we assume that such a discrete symmetry
is explicitly broken by the mediator interactions that transfer the B − L between the
DM sector and the visible sector in the early universe. Such asymmetric interactions are
necessary in all models of ADM though they may be made to obey a Z4 symmetry (i.e. one
can demand that they involve only the χχ→ visible or χ†χ† → visible transitions instead
of χ→ visible transitions as in our case).
At low energies, the DM then carries a conserved χ charge that is broken only by the
higher dimensional operators obtained by integrating out the mediators. Such operators
also lead to DM decays. In this paper we explored the role of continuous flavor symmetries
for the properties of such decaying DM focusing on the case where DM that carries nonzero
baryon number. For B = 1 DM, the direct detection bounds are evaded if the mediators
are above ∼ 4 · 109 TeV assuming O(1) couplings. However, if quark flavor breaking is
of the MFV type, the mediators can be lighter by around two orders of magnitude. For
B = 2 DM, the scale of the mediators can be much lighter (O(8TeV) for O(1) couplings).
This is then lowered by an order of magnitude if quark flavor breaking is of the MFV or
Froggatt-Nielsen type. The mediators that would lead to indirect DM signals in the next
generation of experiments can thus be, at the same time, searched for at the LHC.
We have explored this possibility by constructing two mediator models, one with as-
sumed MFV and one with a FN flavor breaking pattern. The MFV mediator model
(eq. (5.1)) contains three colored scalars that are either triplets or sextets of the color
and the flavor groups, see table 2. The FN model (eq. (5.3)), on the other hand, contains
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one colored scalar and one neutral fermion, see table 3. These mediators generate FCNCs
at 1-loop. While this leads to nontrivial constraints on their masses and couplings, the
mediators can still be as light as a few ×100 GeV with O(1) couplings. Since the mediators
are charged under QCD, they can be singly or pair-produced at the LHC with large cross
sections. This means that the searches at the LHC can lead to interesting constraints or
discoveries. The signatures depend on how the mediators decay. In the FN model, for in-
stance, the decay to heavy quarks, φ→ tb, is favored. Modifying the paired dijet searches
to the pp → φφ → tbt¯b¯ signal could thus enhance the reach of the LHC in the search for
these mediators. In the MFV model, on the other hand, paired light dijets, paired tb, and
paired bj are possible. Other signatures are discussed in section 6.3.
In conclusion, ADM can quite generically be metastable with a possibility of comple-
mentary signals in indirect detection and at the LHC.
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A Operators in four component notation
In the paper we are using a two-component notation, where the left-handed Weyl fermion
fields (qi, u
c, dc, li, e
c) have hypercharges (+1/6,−2/3,+1/3,−1/2,+1) and B − L charges
(1/3,−1/3,−1/3,−1,+1). The higgs doublet is denoted by H and has Y = +1/2, while
H˜ = iσ2H
∗. The two Weyl spinors of the DM Dirac fermion are ψ and ψc with B−L = −1
and +1, respectively. Finally, φ is the complex scalar DM with B −L = 2. Capital letters
denote four-component spinors following the notation in [87]. The DM Dirac fermion Ψ
and its charge conjugate ΨC are
Ψ =
(
ψα
ψc†α˙
)
, ΨC =
(
ψcα
ψ†α˙
)
, (A.1)
while Ψ¯ = (ψcα, ψα˙). Writing for the two-component spinors q1 = uL, q2 = dL and `1 = νL,
`2 = eL, suppressing generation indices, we introduce
U =
(
uLα
uc†α˙
)
, D =
(
dLα
dc†α˙
)
, E =
(
eLα
ec†α˙
)
, N =
(
νLα
νc†α˙
)
, (A.2)
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where νc is the right-handed neutrino field introduced for completeness. If neutrino is
Majorana, νL = ν
c. The weak doublets in the four-component notation are
QL = (UL, DL), LL = (NL, EL), (A.3)
with UL ≡ PLU , etc, and similarly UR ≡ PRU,DR ≡ PRD, . . .. Some examples of the
relevant asymmetric operators in the two- and four-component notations are given below.
dim 6: Q(6)1 = (qiqi)(dc∗ψc∗) = (QCLiQiL)(DCPRΨ), (A.4)
Q(6)2 = (ucdc)(dcψc) = (UPLDC)(DPLΨC), (A.5)
dim 10: Q(10)1 = φ(dcdc)(q∗i qi∗)(q∗j qj∗) = φ(DPLDC)(QLiPRQCiL )(QLiPRQCiL ). (A.6)
B Asymmetric DM relic density
Here we review the relations between the DM relic density and the DM mass in ADM
models. We assume that the operator(s) transferring the B−L asymmetry from the visible
to the dark sector decouple above electroweak phase transition, TC > Tew ∼ 170 GeV [88],
as is the case for our ADM models, see section 2. We first assume that the visible sector
consists below TC of only the SM fields (we will later relax this). The number density
asymmetry for relativistic particles is
(n− n¯)i = T
3
6
gˆi
µi
T
, (B.1)
where n(n¯) are the particle(anti-particle) number densities, µi is the chemical potential for
species i, and gˆi = gi(gi/2) for bosons (fermions) with gi internal degrees of freedom so
that gˆi = 1 for a Weyl fermion, while gˆi = 2 for a Dirac fermion or a complex scalar.
All the SM particles are in chemical equilibrium, so that the chemical potentials are
proportional to the conserved quantum numbers [89]. Above the electroweak phase tran-
sition these are B − L, Y and SU(2)L, while B + L is broken by sphalerons. Thus (see
also [90])
µi = (T3)ic3 + YicY + (B − L)icB−L, (B.2)
where the ci are constants that we determine from net weak isospin, hypercharge and
B−L densities. The net weak isospin charge density in the universe normalized to entropy
density is
T3 ∝
∑
i
gˆi (T3)i µi =
∑
i
gˆi (T3)
2
i c3 + 0 · cY + 0 · cB−L = 0. (B.3)
For the first equality we used that for each SU(2) multiplet
∑
i(T3)i = 0, and in the second
equality that the net T3 charge is zero since SU(2)L is not explicitly broken. Thus c3 = 0
and the SU(2)L charge of a particle does not contribute to its chemical potential.
Flavor mixing ensures that the chemical potentials for SM Weyl fermions from different
generations are the same. Similarly, SU(2)L interactions ensure that µuL = µdL ≡ µQ, and
µ`L = µν ≡ µL. We thus have
µH =
1
2cY , µL = −12cY − cB−L, µE = −cY − cB−L,
µQ =
1
6cY +
1
3cB−L, µU =
2
3cY +
1
3cB−L, µD = −13cY + 13cB−L,
(B.4)
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while for the gauge bosons µG = µW = µB = 0. The net hypercharge of the universe is
thus
Y ∝
∑
i
gˆi (Y )i µi =
1
2
2 · 2µH +Nf
[
−1
2
2µL − µE +Nc
(
1
6
· 2µQ + 2
3
µU − 1
3
µD
)]
= 2µH +Nf (µQ + 2µU − µD − µL − µE) = 11cY + 8cB−L,
(B.5)
where Nf = 3 is the number of generations and Nc is the number of colors. Setting the
net hypercharge density in the universe to zero, Y = 0, gives
cY = − 8
11
cB−L. (B.6)
The net B − L number density in the visible sector (i.e. excluding the B − L asymmetry
carried by the χ fields in the dark sector) is then
B − L ∝ Nf (−2µL − µE + 2µQ + µU + µD) = 79
11
cB−L. (B.7)
There are two types of interactions between the dark and visible sector: the asymmet-
ric interactions that involve a single χ field, and the symmetric interactions of the form
χ†χ times the SM fields. The symmetric operators keep the dark and the visible sectors in
thermal equilibrium. The asymmetric interactions are suppressed, and decouple at tem-
peratures well above the χ mass. At lower temperatures the χ number is thus effectively
conserved. The chemical potential µχ is the same as it was before the decoupling. We
thus have
µiχ = (B − L)iχcB−L, (B.8)
where (B − L)iχ is the B − L charge of the χi field. Here we allow for several χi fields in
the dark sector and also define the weighted B − L charge of the dark sector fields as
(B − L)sumχ ≡
∑
i
gˆiχ(B − L)iχ. (B.9)
The net χ number density normalized to entropy density we denote by ∆χ and is
∆χ ∝
∑
i
gˆiχµ
i
χ = (B − L)sumχ cB−L. (B.10)
Since B − L and χ are conserved quantum numbers below the decoupling temperature,
each of the number densities scales as R−3 as universe expands. The ratio
∆χ
B − L =
∆χ
B − L
∣∣∣
decoup.
=
11
79
(B − L)sumχ , (B.11)
thus stays fixed.
Even if at the decoupling there are more χi dark sector states, we assume that DM
is composed only from one state, χ. We therefore have for the ratio of baryon and dark
matter energy densities
ΩB
Ωχ
=
mp
mχ
B
B − L
B − L
∆χ
. (B.12)
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The ratio of net B and B − L numbers B/(B − L) = 28/79 = 0.354 just above the
electroweak phase transition [89]. This remains essentially unchanged even if sphaleron
and top mass effects are taken into account, in which case using results from [88, 91]
one has B/(B − L) = 0.349 for both scalar and fermionic DM. Using (B − L)/∆χ =
79/(11(B − L)sumχ ) from (B.11) finally leads to
mχ = 2.509mp
Ωχ
ΩB
1
(B − L)sumχ
= (12.5± 0.8)GeV 1
(B − L)sumχ
, (B.13)
where in the last equality we used Ωχ = 0.265 ± 0.011 and ΩB = 0.0499 ± 0.0022 [53].
Note that the error is dominated by the experimental determination of DM and baryon
densities. For instance, the difference between B/(B−L) determination with and without
sphaleron effects leads to a smaller shift in mχ than the above quoted error.
We turn next to the case of additional fields in the visible sector. An example would
be that SM gets completed to the MSSM. The relation between Y,B−L and the constants
cY,B−L can be written in the matrix form(
Y
B − L
)
=
15
4pi2g∗T
( ∑
i gˆiY
2
i
∑
i gˆiYi(B − L)i∑
i gˆiYi(B − L)i
∑
i gˆi(B − L)2i
)
·
(
cY
cB−L
)
=
15
4pi2g∗T
(
11 + [Y 2]NP 8 + [Y (B − L)]NP
8 + [Y (B − L)]NP 13 + [(B − L)2]NP
)
·
(
cY
cB−L
)
.
(B.14)
Here we defined
[Y 2]NP =
∑
i
gˆiY
2
i , [Y (B − L)]NP =
∑
i
gˆiYi(B − L)i, [(B − L)2]NP =
∑
i
gˆi(B − L)2i ,
(B.15)
where the sums run over the new states only. The solution for B − L in terms of cB−L is
obtained by solving the above matrix equation setting Y = 0, from which
B − L = 15 cB−L
4pi2g∗T
(
13 + [(B − L)2]NP − (8 + [Y (B − L)]NP)
2
11 + [Y 2]NP
)
. (B.16)
The net χ charge is still given by eq. (B.11), while the ratio ΩB/Ωχ is given by (B.12) with
(B−L)/∆χ fixed at the decoupling temperature and B/(B−L) at the electroweak phase
transition. We thus have
mχ = mp
Ωχ
ΩB
B
B − L
(
13 + [(B − L)2]NP − (8 + [Y (B − L)]NP)
2
(11 + [Y 2]NP)2
)
1
(B − L)sumχ
, (B.17)
where B/(B − L) = 0.349 and (B − L)sumχ given in (B.9).
C Calculation of the DM decay time
Here we give further details of the DM lifetime calculation in the MFV and FN models for
B = 2 DM, section 3, while also varying the DM mass. The results are shown in figure 3.
There are three different types of dimension 10 operators that can lead to DM decay, of
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schematic form χ(dcdc)(dcdc)(ucuc), χ(dcdc)(dcuc)(q∗q∗), and χ(q∗q∗)(q∗q∗)(dcdc). For the
same NP suppression scale Λ the last type of operators gives the shortest lifetime. The
dominant effective decay Lagrangian is thus, schematically,
L(B=2)dec ⊃
C
Λ6
χ(q∗q∗)(q∗q∗)(dcdc), (C.1)
where C is a flavor-dependent Wilson coefficient, the brackets enclose Lorentz contracted
pairs, and summation over different flavor, color and weak isospin contractions is under-
stood.
In section 3 we included the SM Yukawa insertions in the definition of the operators.
To unify the notation we instead use in this appendix the convention that the Wilson
coefficient C encodes all the flavor suppressions. The effective decay Lagrangian is thus,
going to the mass basis, and displaying the flavor indices only,
L(B=2)dec. ⊃
Cijbcef
Λ6
χu∗i u
∗
jd
∗
bd
∗
ed
c
cd
c
f, (C.2)
where the flavor dependent Wilson coefficients are
Cijbcef(mfv) ' [Vckm]ia [Y diagd ]b [Vckm]jd εabcεdef, (C.3)
Cijbcef(fn) ' λ|−H(qI)−H(qJ)−H(qb)−H(qe)+H(d
c
c)+H(d
c
f)|, (C.4)
The partial decay width for χ→ qqqqdd transition is then, using NDA,
Γχ ' C
2
8pi
1
(16pi2)4
(mχ
Λ
)12
mχ. (C.5)
The factor 1/(8pi)× 1/(16pi2)4 results from integrating over the 6-body phase space.
For the MFV flavor breaking case there are several subtleties when calculating the
decay width. For instance, the Levi-Civita tensor contractions lead to vanishing operators
for some of the color and Lorentz contractions. Another subtlety is that the tree decay
may be strongly CKM suppressed so that the leading decay amplitude is the 1-loop one,
see figure 10. The decay width can thus be estimated as
Γ(χ→ uiujdbdedc∗c dc∗f ) ' max

(
Cijbcef
(mfv)
)2
8pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ,(
1
16pi2
[Vckm]ix [Vckm]ye
)2 (Cyjbcxf(mfv) )2
8pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ.
(C.6)
where the first (second) line gives the NDA estimates for the tree level (1-loop) dominated
decay width. The W emitted from the left-handed quark lines coming from the effective
decay vertex gives the additional CKM factors in the second line.
An example where the leading decay amplitude is generated at 1-loop is the B = 2
ADM with mχ = 3.3 GeV, discussed in section 3. Decays into final states with one charm,
bottom or top quark are kinematically forbidden. For instance, the lightest B = 2 final
states with one valence charm quark are Λ+c + Σ
− and n + Σ0c . The first has the valence
quark content ∼ udc + dds and the rest mass mΛ+c + mΣ− = 3.48 GeV, while the valence
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Figure 10. Example Feynman diagrams for the decay of B = 2 DM. The diagram on the left
shows the tree level decay whereas the one on the right shows the loop-induced decay.
quark content of the second is∼ udd + ddc and its rest mass mn + mΣ0c = 3.4 GeV. In
contrast, the decays to Ξ0 (∼ uds) or Λ0 (∼ uds) baryons are allowed. Eq. (C.6) gives
Γmfvtree
(
χ→ Λ0Λ0) ' (ysV 2ub)2 18pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ, (C.7)
Γmfvloop
(
χ→ Λ0Λ0) ' (ybVubVts
16pi2
)2 1
8pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ, (C.8)
with the same estimate, within our precision, for the χ → Ξ0,Ξ0 or χ → Λ0,Λ0 decays.
Note that in the 1-loop amplitude the partonic transition at the decay vertex, χ→ udb+
tds, carries no CKM suppression. Furthermore, the ys Yukawa insertion in the tree level
amplitude is replaced by yb. The b and t quark lines then convert to u and s quark
lines via W exchange, as shown in figure 10. The smaller CKM and Yukawa suppressions
compensate the loop factor so that the 1-loop amplitude dominates, with the NDA estimate
Γmfvloop/Γ
mfv
tree ∼ O(10).
This procedure can be repeated for different DM masses, arriving at the dominant
decay modes as a function of mχ. The results are listed in table 5, where we give the
kinematical thresholds (1st column) for a number of decay channels (4th column), along
with the corresponding partonic transitions (3rd column) and the decay vertex transitions
(2nd column). The latter two differ for the loop processes, cf. figure 10. The total decay
width for given mχ is then the sum of partial decay widths, Γi, (5th column) for the decay
channels that are kinematically allowed. For convenience we also give the decay times,
τi, (6th column) that correspond to individual partial decay widths. Note that in the
calculation of the partial decay widths we neglect the phase space suppression, while the
quoted Γi in table 5 are obtained from the NDA estimates (C.6) with mχ at the kinematical
threshold, and setting Λ = 1TeV.
In the case of FN flavor breaking the leading tree level and loop induced decay widths
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Thr. [GeV] Decay vertex Partonic Final State Γi [GeV] τi [s] Process
2.06 χ→ cudbsd χ→ udd uds n+ Λ0 1.34× 10−60 4.91× 1035 Loop
2.23 χ→ uusdsd χ→ uds uds Λ0 + Λ0 3.74× 10−55 1.76× 1030 Tree
2.43 χ→ cusbsd χ→ uds uss Λ0 + Ξ0 4.25× 10−57 1.55× 1032 Loop
3.48 χ→ ccdssd χ→ udc dds Λ+c + Σ− 1.23× 10−55 5.33× 1030 Loop
3.61 χ→ ucsdsd χ→ udc dss Λ+c + Ξ− 1.87× 10−50 3.52× 1025 Tree
3.81 χ→ ccsdsd χ→ uds ssc Λ0 + Ω0c 1.42× 10−52 4.62× 1027 Loop
3.79 χ→ ccsdsd χ→ usc dss Ξ+c + Ξ− 1.33× 10−52 4.96× 1027 Loop
4.63 χ→ ccdbsd χ→ dcc dds Ξ+cc + Σ− 1.01× 10−52 6.51× 1027 Loop
4.93 χ→ ccsdsd χ→ ddc dsc Σ0c + Ξ0c 1.04× 10−46 6.33× 1021 Tree
5.17 χ→ ccsbsd χ→ dsc ssc Ξ0c + Ω0c 4.14× 10−52 1.59× 1027 Loop
6.56 χ→ cudsbd χ→ udd udb n+ Λ0b 7.25× 10−54 9.08× 1028 Loop
6.73 χ→ uudbsd χ→ udd usb n+ Ξ0b 1.87× 10−45 3.53× 1020 Tree
6.94 χ→ uusbsd χ→ uss udb Ξ0 + Λ0b 5.18× 10−44 1.27× 1019 Tree
7.10 χ→ cusdbs χ→ uss usb Ξ0 + Ξ0b 3.49× 10−52 1.89× 1027 Loop
8.07 χ→ ucbdbd χ→ udb ddc Λ0b + Σ0c 2.16× 10−51 3.05× 1026 Loop
8.09 χ→ ucbdsd χ→ udb dsc Λ0b + Ξ0c 2.00× 10−42 3.30× 1017 Tree
8.31 χ→ ucbssd χ→ udb ssc Λ0b + Ω0c 5.33× 10−41 1.24× 1016 Tree
8.48 χ→ ucbsbs χ→ usb ssc Ξ0b + Ω0c 7.66× 10−50 8.59× 1024 Loop
11.24 χ→ uubdbd χ→ udb udb Λ0b + Λ0b 2.24× 10−42 2.93× 1017 Tree
11.41 χ→ uubbsd χ→ udb usb Λ0b + Ξ0b 9.86× 10−38 6.68× 1012 Tree
11.58 χ→ uubsbs χ→ usb usb Ξ0b + Ξ0b 2.94× 10−42 2.24× 1017 Tree
Table 5. Partial decay widths, Γi, and related decay times, τi = 1/Γi, for representative decay
channels above kinematical thresholds (1st column) assuming the MFV flavor breaking ansatz. The
EFT scale is set to Λ = 1 TeV. The last column denotes whether the dominant amplitude is tree
level or 1-loop, while the 2nd and the 3rd columns give the decay vertex transition and the partonic
transition after the potential W exchange, respectively.
for B = 2, mχ = 3.3 GeV DM have the NDA estimates of
Γfntree
(
χ→ Λ0Λ0) ' (λ2)2 1
8pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ, (C.9)
Γfnloop
(
χ→ Λ0Λ0) ' ( λ4
16pi2
)2
1
8pi
(
1
16pi2
)4 (mχ
Λ
)12
mχ. (C.10)
In this case the tree level decay dominates over the loop induced decay by four orders
of magnitude. The dominance of the tree level decay amplitude over the 1-loop decay
amplitude holds also, if the DM mass is varied. This can be traced to the following
difference between the MFV and FN ansa¨tze. In the MFV case the Levi-Civita tensors
enforce that two quark flavors in the effective decay vertex need to be from the third
generation. This can be changed either by using the VCKM misalignment or through a loop
transition. In FN flavor structure ansatz, on the other hand, the flavor indices need not be
antisymmetric.
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D Loop functions in neutral meson mixing
Here we list the analytical form of the loop functions
F (x), FF (x1, x2), G(x1, x2), G
F (x1, x2,x 3) and H(x), H
F (x1, x2) that appear in the
1-loop expressions for the Wilson coefficients in the neutral meson mixing, section 6.1.
The mediator loop functions with mass degenerate quarks in the loop are given by
F (x) = xH(x), H(x) =
1
(1− x)3
[
1− x2 + 2x log(x)] , (D.1)
while for two different quarks running in the loop they are
FF (xi, xj) =
xixj
(1− xi) (1− xj) +
[
xixj log (xi)
(1− xi)2 (xi − xj)
+ xi ↔ xj
]
, (D.2)
HF (xi, xj) =
1
(1− xi) (1− xj) +
[
x2i log (xi)
(1− xi)2 (xi − xj)
+ xi ↔ xj
]
. (D.3)
The loop functions for the mediator-W loops are
G(xw, x) =
x
xw
[
xw + x
(x− 1) (x− xw) −
x
(
2xxw − x2w − 2xw + x2
)
log(x)
(x− 1)2 (x− xw) 2
+
2xxw log (xw)
(x− xw) 2 (xw − 1)
]
,
(D.4)
GF (xw, xi, xj) =
xixj
xw
[{
(xi + xw) log (xi)
(1− xi) (xi − xj) (xw − xi) + xi ↔ xj
}
− 2xw log (xw)
(1− xw) (xw − xi) (xw − xj)
]
.
(D.5)
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